* The wavelength of the incident beam must be shorter than 303.88 nm for electron emission.
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The paper presents new measurements of the optical constants and of the reflectance and transmittance of evaporated aluminum films produced from the purest grade of aluminum with extremely fast evaporation at about 10-5 mm Hg. The optical constants were determined by Drude's polarimetric method from opaque films and by reflectance, transmittance, and true thickness measurements of semitransparent films. The following results were obtained. For extremely fast evaporated films the optical constants were found to remain unchanged down to film thicknesses of less than 100 A. Data are given on the reflectance and transmittance of semitransparent aluminum films on glass and fused quartz as a function of wavelength from 220 my to 650 mgi.
INTRODUCTION
EVAPORATED aluminum films are the most frequently used coatings for front-surface mirrors and for interferometry in the ultraviolet. Measurements of their optical properties have, therefore, been reported by various authors.
1 -7 But only recently it was discovered that films with highest reflectance, especially in the ultraviolet and vacuum ultraviolet, can only be produced by extremely fast evaporation and by the use of the purest grade of aluminum. 8 
'
9 It is the purpose of this paper to report on new measurements of the optical constants and of the reflectance and transmittance of evaporated aluminum films produced from purest aluminum with extremely high rates of deposition, and to discuss in addition the effect of speed of evaporation, substrate temperature, and vapor-incidence angle on the reflectance of opaque aluminum in the visible and ultraviolet.
EXPERIMENTAL TECHNIQUES
The vacuum apparatus used for producing aluminum films at extremely high rates of deposition has been described in a previous paper.
1 The evaporations were made in an 18-in. vacuum system in which a pressure of 1X 10-5 mm Hg could be maintained during the film deposition. "Ultrasil" and glass plates mounted about 18 in. above the evaporation sources were used as substrates. They were cleaned by a high-voltage dc glow discharge using 90 ma at 5 kv for 1-5 min. A Japanesefan-type shutter was used to avoid contamination of the substrates during the outgassing of the evaporation sources and their charges. The shutter, which was placed close to the targets, was opened when the evaporation reached constant speed, and it was closed when a film of desired thickness was obtained. The evaporation source for producing aluminum films at high-deposition rates consisted of six helical coils of 62-mil tungsten wire which were heated simultaneously. They were outgassed and freed from impurities before being charged with aluminum. With this arrangement aluminum films could be deposited at a deposition rate of more than 500 A/sec. The reflectance R and transmittance T of aluminum films were measured from 220 to 1000 myz with a modified Beckman model DK spectrophotometer. All reflectance and transmittance values reported in this paper were determined with an accuracy of about 0.3%o of the incident light, and the measurements were made at close to normal incidence. The true thickness t of the films was measured by a multiple-beam interferometer method as described by Tolansky.
0
The measured R and T values were corrected for the effect of the back-surface reflectance of the substrate plates and then used to determine the optical constants n and k = nK of semitransparent aluminum films. To obtain the optical constants from R, T, and I measurements, a graphical method was applied which uses a great number of curves displaying R and T as a function of t/X for films of various n and k on a nonabsorbing substrate of n= 1.5. The graphs were calculated from the equations developed by Hadley and Dennison.", 2 The optical constants of opaque aluminum films were de- 12 The authors are indebted to L. N. Hadley and his co-workers for the preparation of the graphs used in this paper for the determination of n and k of semitransparent aluminum films.
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termined by Drude's polarimetric method from 435 to 650 mA. The theory and various applications of this method have been discussed extensively in the literature. In the arrangement used here, monochromatic light polarized at an azimuth angle of 450 was reflected at an angle = 70° from the aluminum film, and the ellipticity produced by reflection from the metal coating was determined. A Babinet-Soleil compensator and a Glan-Thomson prism were employed to measure the phase difference A of the two components of the elliptically polarized light and of the azimuth V/ of the restored plane of linear polarization. Drude's equation in its rigorous form" was used to calculate the optical constants from A, ,, and o measurements.
To obtain the true optical constants with Drude's equations, A and b of an oxide-free aluminum have to be used. Since all measurements were made after the aluminum films had been exposed to air for a certain amount of time, the measured A and values were corrected for the effect of the oxide film formed on aluminum in air up to the time the measurements were made. Oxidation curves for aluminum published in a recent paper" were used to calculate the corrections for A and sb. The maximal errors of the optical constants determined by Drude's polarimetric method amounted to about -L4% for n and 462% for k. were produced under optimum conditions using purest grade aluminum (better than 99.99%) and deposition rates of more than 300 A/sec at 1X 10-5 mm Hg. A high-speed shutter was employed to produce uniform semitransparent films at high deposition rates.
RESULTS

A. Optical Constants and Reflectance of Aluminum Films
In the wavelength region below 436 mu, the optical constants were determined only from reflectance, transmittance, and true thickness measurements of semitransparent films, while at longer wavelengths both described methods were used. The optical constants obtained from spectrophotometric measurements of semitransparent films show good agreement with those determined by Drude's polarimetric method on opaque coatings. It was also found that the optical constants of aluminum films evaporated at an extremely high rate remain unchanged down to film thicknesses of about 100 A. The values for n and k decrease rather constantly with decreasing wavelength. The reflectance of opaque aluminum calculated from n and k agrees well with the directly measured one and is about 2% higher than the results reported by Schulz and Tangherlini. 7 Films with such high reflectance in the ultraviolet (91.5 to 92.5%) can only be produced by fast evaporation at low pressures. Such films are, in addition, more compact than slowly deposited ones and show, therefore, less oxidation and very small decreases in reflectance during exposure to air. At 220 mu, where the effect of aging is most pronounced, one-year-old aluminum mirrors still showed about 90% reflectance. The 1.5% reflectance decrease at 220 mgt over a one-year period can be explained by the formation of a 25-to 30-A-thick oxide film. Such a thin oxide film has only a very small effect on the reflectance of aluminum in the visible (less than 0.3% reflectance decrease at 550 mu).
The fact that high speed of evaporation is the most important basic factor for producing aluminum films with highest reflectance in the ultraviolet is illustrated in Fig. 1 . The data presented are for three groups of films evaporated at three different pressures. The first group was deposited at 1-2X 10-mm Hg, the second at 1-2X 10-4 mm Hg and the third at 1X10-3 mm Hg. Vol. 51 I All films were just opaque or 600-700 A thick, and condensed on glass plates at a distance of about 20 in. from the evaporation sources. Additional filaments were added to obtain high deposition rates at 1 X 10-3 mm Hg. All reflectances were measured within one hour after the deposition of the coatings. The time for preparing the opaque coatings is noted for each curve. The curves show clearly that the speed of evaporation has a great influence on the ultraviolet reflectance of aluminum and a much smaller effect on its reflectance at longer wavelengths. An increase of the evaporation time for an opaque coating from 7 sec (which is still not the optimum evaporation speed) to 180 sec at 1-2X 10-5 mm Hg, decreases the reflectance at 220 mgu from 91% to 62%, but produces only a reflectance decrease of 1% at 550 m.t The influence of firing speed is even greater at higher pressures. However, films with very high ultraviolet reflectance can still be made at 10-4 mm Hg and even at 10-3 mm Hg. At higher pressures, however, the ultraviolet reflectance decreases more rapidly with increasing evaporation time than it does at lower pressures. An opaque coating deposited in 180 sec at 10-4 mm Hg reflects only about 40% at 220 mAt and a coating produced at 10-3 mm Hg shows only 12% reflectance at the same wavelength. The conclusion is that fast evaporation at low pressure is most important for producing aluminum films with highest reflectance in the ultraviolet and that only such films should be used to determine the optical constants of aluminum.
High speed of evaporation is not the only factor affecting the reflectance of evaporated aluminum. Substrate temperature during the evaporation, film thickness, and angle of vapor incidence have also a great influence on the reflectance of evaporated coatings, especially at shorter wavelengths.
Experience has shown that most materials, including aluminum, have better adherence if they are evaporated onto heated substrates. With increasing substrate tem- perature, however, grain size and therefore surface roughness increase, and this results in a decreased specular reflectance, especially of shorter wavelengths. Table II shows the effect of substrate temperature on the reflectance of just opaque aluminum films deposited at 10-5 mm Hg. The results are given for two groups of films; one deposited at a rate of about 300 A/sec and the other deposited at 10-15 A/sec. For substrate temperatures higher than 50'C, the specular reflectance of all films decreases with increasing temperature. The effect is, however, much more pronounced in the ultraviolet and for films produced at low deposition rates. For the rapidly evaporated films, (deposition rate -300 A/sec), a substrate temperature increase from 300 to 200TC reduces the reflectance at 220 mAu from 91.5 to about 82%, and at 500 mpk from 91.7 to 91.3%. Films produced at lower rates show much greater reduction in reflectance with increasing substrate temperature. Films deposited at a rate of 10-15 A/sec, for example, show a reflectance decrease from 89 to 46% at 220 mAt and from 91.6 to 83.9% at 500 m,4 when the substrate temperature is increased from 30° to 200TC. The data presented support the following conclusions: Whenever aluminum films of highest ultraviolet reflectance are required, the substrate temperature during the evaporation should not be higher than 50TC, and if higher substrate temperatures for increased adhesion are applied, the films should be evaporated as fast as possible. The effect of vapor incidence on the reflectance of evaporated aluminum has been studied by Holland. 5 He showed that diffuse reflecting surfaces are formed more easily as the vapor incidence angle and the film thickness are increased. (deposition rate 300 A/sec at X 10-5 mm Hg) and the other deposited under poor evaporation conditions (deposition rate 10 A/sec at 1X 10-4). In each group, the films measured were about 600 A and 2000 A thick. The results show that the reflectance decrease with increasing angle of vapor incidence depends upon wavelength, film thickness, and evaporation conditions. The effect is much more pronounced at shorter wavelengths and for films prepared under "poor" conditions and increases in all cases with increasing film thickness. An increase of vapor incidence angle from 00 (normal incidence) to 60° has only a very small effect on the reflectance of 600-A-thick coatings, but greatly decreases the reflectance of 2000-A-thick films in the ultraviolet. A 2000-A-thick film deposited at normal incidence under optimum conditions reflects almost as well as a just opaque coating even at 220 myi. The reflectance at 220 mju, however, drops for a 2000-A thick film from 91.2 to 75.0% when the vapor incidence angle is increased from 0° to 600. This effect is much greater for films produced under poor evaporation conditions. Here, 2000-A thick films evaporated at normal incidence already show a much lower reflectance than just opaque coatings, and the increase in vapor incidence angle from 0° to 600 drops the reflectance of a 2000-A thick film from 65.9 to 31.2% at 220 m/u and from 88.8 to 81.3%
at 500 mu. This indicates that mirror coatings for the ultraviolet should be evaporated at close to normal incidence and that the coatings should not be thicker than absolutely necessary cidence are unavoidable. Semitransparent aluminum films are especially important for interferometry in the ultraviolet because they show in this wavelength region higher reflectance and lower absorptance than any other metallic coating. Table IV shows the calculated reflectance and transmittance of evaporated aluminum for various wavelengths and various film thicknesses. The optical constants n and k listed in Table I were used for the calculations. For films produced with deposition rates of more than 100 A/sec at 1 X 10-5 mm Hg, the calculated R and T values agreed well with the directly measured ones down to film thicknesses of about 100 A. The results show that for the same film thickness, the transmittance increases strongly with decreasing wavelength.
A 160-A thick film, for example, transmits 25% at 220 mAu and only 5% at 546 mit.
Films deposited at low deposition rates show much higher absorptance and lower reflectance and are, therefore, unsuitable for interferometry in the ultraviolet. A previously reported statements that semitransparent Al films produced at high deposition rates show a mottled appearance could not be verified. All films produced under the above described conditions were extremely uniform in appearance.
